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FOREWORD

This report presents work accomplished by the Boeing Company during the
second quarter October 1, 19656 to January 1, 1967 on an "Analytical Study

of Nonmetallic Parts for Launch Vehicles and Spacecraft Structures”, NASA
Contract NAS 8-18037. Also included is a summarization of work accomplished
during the first three months of the program which was previously reported
in Quarterly Progress Report #1. The work is administered bv the Georce C.
Marshall Cpace Flight Center, P&VE laboratorr, Huntsville, Alabame. The

NASA Technical Leader is Mr. Carl A. loy.

Performance of this contract is under the direction of the Structural
Development Unit, Spacecraft Mechanics and Materials Technologv, Space Division
of the Boeing Company. Mr. C. F., Tiffany is Program Supervisor and

Mr. D. H. Bartlett 13 Program Leader,

NOTE

Because this 1s a progress report, information contained herein is tentative

and subject to changes, corrections, and modifications.



1.0  INTRODUCTION

[
The objective of this investigation is tokdetermine the applicability of fiber

reinforced plastics {n spacecraft and launch vehicle structural components)

with particular interest in the use of this type of structure(to support crvo-

genic tanks) An additional objective 1s to compare the merit of these
components with metallic parts of the same functional design. A survey of
literature from past and current programs will be made to assemble information
such as properties and methods of fabrication essential to the design phase,
Parts will be designed utilizing the inherent advantages of reinforced plastic
structure and comparisons made with designs of metallic parts. A quantity of
parts will be fabricated and subjected to destruction tests intended to prove

their suitability for the application selected.

During the firet reporting period (July 1 to October 1, 1906) a literature
survey was completed, structural composite properties were selected for desizn
and three types of structural elements were chosen for design, fabrication and
test, The structural elements selected were (1) tension members for crvogenic
tank supports, (2) combined compression and tension struts for crvogenic tark
supports, and (3) beams for payload packages {noncrvocenic). Two *ension rod
configurations were selected for study; these were flat members with lamirated
metal foils for increased tearing strength, and round members incorporatirg

a wedgeing feature at the end attachments. Compression struts in the length
range of 20 to 30 inches were configured as cylindrical tubes of reinforced
plastic construction bonded to metallic end fittings. It was fourd that sie-
nificant welght savings in fiberglass compression struts are available when
compared with metallic parts, if high loading is considered, i.e., 12,000 lbs

or more for a 20 inch member; however, in any load ranze, the fiberclass
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"“parts consistently provide the

least heat leak due to the low thermal con-

ductivity of the composite, Beams with sandwich web, stiffened web and truss

webs were investigated and the

the least weight desizn in the

The reinforcement selected for
multiple end rovings, cloth or

systems were identified in the

sandwich web approach was selected as providing

span lengths of interest.

all designs was S-994% fiberglass in either
single end yarn. A variety of acceptable resin

literature survev, the preferred being %pon 826

(for wet winding) and =-T87 prepreg. Structural composite properties for

design were selected from results of the Reference 1 contreact.

A detailed presentation of study results and a discussion of the analytical

aprproach is contained in the first Quarterly Report,
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2.0 SUMMARY OF WORK ACCOMPLISHED

During the fourth and fifth months,'%he detailed designs of flat and round
tension rods and a compression strut were developed.> A titaniuwm tension rod
and a titanium compression strut were also designed using the same loads ss
for the nonmetallic parts to allow heat flow comparisons. The design drawings
for the titanium perts are not complete, hence they are not included in this
report. &he beam optimization computer program was 1nit1ated}and has produced
data on depths, cross section geometry and weight for a variety of spans and

loading.

During the sixth month, the test plans for tension rods and compression struts
were prepared and coordinated with the MSFC Technical leader, and material
orders were placed for fiberglass, epoxy resin, adhesives, and the required
mgtalllc materials, <&he manufacturing methods were selected and tool design
started., The analysis of aluminum beams for comparison with the nommetallic
parts was completed. Comparisons of the two types of beams show the span and

loading range where fiberglass construction offers welght savings over

aluminum construction)

A detailed discussion of the designs, fabrication approach, and test plans

follows:>

Tenision Rods

Figure 1 is the design drawing of a flat tension rod with metal foils laminated
into fhe composite at the ends to provide bearing sirengih. ©0On the left hand
slde of the drawing, the tension rod is shown in place on a cryogenic tank
assembly. This view serves to show the clearances required for this type of
member, an important feature when round rods are considered. The parts are

fabricated by winding 12 end fiberglass roving impregnated with an Epon 826



.resin system on a flat frame. The stainless steel foils are coated with
adhesive and placed between appropriate lavers of windings. The entire
frame assembly is then vacuum bagged and cured., After cure, the composite
with integral metal foils is cut from the frame, the edges are trimmed and
the tension rods produced by cutting parallel strips of the reguired width.
The type of cutting wheel and speeds emploved is critical to obtaining a
smooth edge with a minimm of fiber damage. A hole of the required size may
then be drilled in each end for attachment. The pins used for attachment are
required to have & bearing strength nearly equivalent to the foill material
and should be made from an alloy considered suitable for crvogenic service.
The 4286 alloy selected for these pins meets both these requirements. An
elternate material would be Inconel T18 cold reduced and azed to a minimum

tensile strength above 200,000 psi.

Figure 2 {s the design drswing of a circular tension rod which also incorporates
thin metal foils for increased bearing strength at end attachments., The
diameter at the ends as well as the width of the flat tension rods is a function
of both the number of foils and the adhesive bond strength. TIn the case of

the flat rods 1t was relatively easy to add foils if necessary, the only
undesirahble effect being increased thickness. Bowever, in the case of the
circular rods, the design shown represents a minimum diameter for the internal
attachment lug so the use of additional foils would only increase outside
diameter resulting in the need to shorten the fiberglass section to avoid
interference with the pressure vessel. In all the tension rod designs shown,

8 single bolt serves as the attachment at each end. This approach eliminates
the uncertainties of load transfer attendant with multiple fasteners. A

design requirement of the circular as well as the flat rods was that the
bearing stress in the foils be below the vield strensth of the material at

desizn ultimate load. This is believed necessary to eliminate anv prving
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“action on the adhesive joint caused by vielding and subsequent thickening of
foils at the bolt hole. The possibilit» that this tvpe of +lelding coild
contribute to premature fallure is further reason for using a single bolt

attachnent.

The circular rods must be fabricated on individual mendrels, thus lncreasing
the cost. The mandrel shown on the drawing is assemhled by means cof a
threaded loint which also allows removael after the pert is cured. Roving
guides on each end of the mandrel are used *o position the windings, providinz
an even distribution over the fnil surfaces. The folils are split rinwgs,
adresive coated, and slipped over the windings at the appropriate time. The
foils as confizured appear expensive since each mist be machined from var
stock, however, an alternate design is beinr considered which uses foils split
{nto two halves. This approach would sllow forming the folls from ;C1 ¥H
stalnless steel to a bhalf circle on a brake press, thus reducing machining
costs, Circumferential windings are applied over the folil area to provide
intimate contact between glass, resin, and adhesive during the cure cycle.

The same tvpe of windings are also applied at the smll end of the taper
section to reduce the tendency for {ilaments to straighten when loaded. An
internal plug is used at the large end of the taper for the same reason. lkon
completion of winding, the filaments are cut at the guide, the guide and
mandrel halves removed, and the internal plug bonded in place. The mandrel
may then be re-ussd, the cnly expendeble item being the puides. A quantity
of these parts may be wound and cured at one time which assures uniform resin
content and cure cycle; however, this requires fabrication of a quantity of
mandrels, Filament tension control and mandrel tolerances will introduce

variables hetween parts.

A second circular rod desien has been developed, however, the desien drawing



-was not available for inclusion in this report. This rod was of the "axe-

handle"” type, incorporating an internal metsllic wedge and an outer metallic
ring, with filaments sandwiched between. During the design study it was con-
cluded that the actual wedging action was practically nil and instead thre
critical feature in design was the adhesive Joint strength between filaments
and metal. Since in this design only one surface was available for load
transfer as opposed to multiple surfaces in the foil joint concept, the
diameter of the rod ends was considerably larger than for the foil joints.

As a consequence, 1t was necessary to shorten the fiberglass portion of the
rod significantly to avoid interference of the transition joint'with the

pressure vessel. This particular design was not chosen for the fabrication

phase of the program and as a result both circular and flat tension rod designs

intended for fabrication and test will incorporate foil Jjoints.

The tentative gquantities of tension rods are shown in Table I. The test
program requires fabtrication of 22 flat énd 1l round rods assuming the flat
rods are those chosen for LH2 testing. At present, the feasibility of
vibration and impact testing has not been determined. The test plan is to
subject the specified quantity of rods to ultimate, cyclic, vibration, and
impact loading and then select the best conflguration for ultimate and cyeclic

loading with one end of the rod at -%23°F. All parts subjected to limit load-

ing will finally be tested to fallure to determine the effects of the particular

3t on ultimate atrength.

Compression_Struts

The first quarterly report presented a plot (Figure 1) of weight efficiency
versus structural index parameter for columnar members of titanium, aluminum,
magnesium, and fiberglass. 1In this report it was poirted out that fiberglass

construction offered the least weight §in the range of high loads or short

columns, and the least heat leak over the entire range of loading considered.
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- It was intended to fabricate struts designed for this high load range for

the experimental portion of the program.

During tbe fifth month Poeing was informed of an interest in using fiberglass
compression struts to support LH? tanks for a MSFC launch experiment. It
was suggested that the experimental data from this contract migzht be of more
value if compression struts configured to meet the geometry and load require-
ments of this particular launch stage were fabricated and tested. To meet

the more stringent deadline, the work on compression struts has been acceler-

ated to provide final test data by March 1, 19AT7,

Figure 3 1s the design drawing of the compression strut selected for fabrica-
tion and test. The part is designed for an ultimate compressive or tensile
loed of 4000 1lbs, and would be expected to fail in compression by buckling
or crushing. Spherical bearings have been provided at each end to allow for
ﬁisaliznment of attachment points. The pert has been designed to allow a
maximum of .05 inches eccentiricity between pirned ends, which is believed
adequate to account for warpage and tolerance bulld up caused by the end
fittings. It is planned to wet wind the parts with an Epon 826 resin system
and 12 end 3-994 glass roving on an aluminum mandrel. The cured part will
then be slipped from the mandrel, trimmed and bonded to end fittings with
Narmco 7343 adhesive. Materials for these parts have been ordered and tool

design has been started.

Table 2 shows the tentative quantities of test parts and the tvpes of testing
planned. The possibility of conducting meaningful vibration tests has not

beer: explored thorouzhly and such testing may be eliminsted from the proeram.
Cyclic load specimens will be tested ito failure upon successful completion of

cvelic tests to reveal any detrimental effects.

\2
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«Beams

Beam designs have not been developed sufficiently to warrant dlscussion in
this section. Instead a discussion of initisl computer program results has

been included in lection 3.0, "Analytical Approach'.



¢

.3.0 ANAIYTTICAL APPROACH

Tension Rods

Design of flat tension rods constitutes a trade between bolt dlameter, rod
width, quantity of feils, and foil zage. Due to the manufacturing techniques
employed, the rod width is the same for the entire length of the part. This
is believed advantegeous since each filament is able to transfer load from end
to end without depending entirely on resin shear strength as in the case of a
tensile rod machined to a reduced width in the central portion. High strength
bolts of 3/16 and 1/4 inch diameter, used in shear, appeared suitable for the
design ultimate load of 4000 1lbs. Tt was assumed that the filaments transferred
load to the foils through adhesive bond within a one inch lap length and that
each foll, regardless of the quantity, carried a proportional share of the
total load., Figure 4 is an illustration of the various parameters considered
in selecting a specimen for fabrication and test. The shaded area on both
plots indicates inadegquate design and the three dark vertical lines {ndicate
some available gages of 301 stainless steel. The "bearing” curve was consuructed
using the criteria that yield strength of the foil material would not be
exceeded at ultimate load. In all cases 1t was assumed that bearing strengt:n
of the bolt was equivalent to the foil materisl. The "tension" curve is based
on net section tension stress at the bolt. TFrom these curves it can be seen
that if = 3/16 inch bolt is selected either four .C20 gage foils or three .00
gage folls are necessary. For a l/h inch bolt, it is possible to use ihree
020 gweoe £5ils, Sinve three foils simplify the assembly job, snd .020 gage

provides the minimm thickness, the 1/4 inch bolt size was selected.

Room temperature properties were used in design of all tension rods since one
end will be external to the insulation on a cryosenic tank. The literature
has shown that an increase in strength level accompanies a reduction in temper-

ature for the materials used, therefore, the weakest part of the structure is
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at the warm end. The foil widths of Figure 4 were established using an allow-
able "pull out"” load of 2020 1b/inch of foil width. An allowable ultimate
glass stress of 450,000 psi and a resin content of 31.6% by volume were used

in design.

The design of the circular tension rod employs an internal attachment luz to
minimize the diameter of the end attachments. A 3/16 inch shear pin was
selected since smaller diameters would result in excessive bearing stress in
the foils. A larger pin was not practical since there would be insufficient
net section area in the attachment lug. The same assumptions that were made
for flat tension rods regarding load capacity of the bonded jolnts were also
used for the round tension rods. The circumferential windings at the small end
of the taper section were sized to limit radial extension at ultimate load %o
0.1% . The allowable ultimate glass stress and resin content used for the flat

rods was also used for circular rods.

Compression Struts

"™e fiberglass and titanium struts were desizned as imperfect columms with an
initial imperfection (displacement) of .05 inches. The colums were optimized
by equating the eccentrically loaded column extreme fiber stress to the tube
wall local crushing stress, solving for the optirmm wall thickness and diameter
=inz a trial and error routine program with the aid of a digitel computer.

The moverning equations are:

Tube Well Local Crushing Stress

(1) Fee = .25 E t/R

Maximum Fiber Stress of a Slightly Bent Column

@) e =3y - T e
2 Fe = P/A + = P/A 1.0 + ——
) =P/, 1 (1-2) R

g
]

Colurm load

A = Columm ares



¥y = Initial imperfection (displacement)
2 g

P= = Fuler buckling load = 11;_522
L

A -

P/Pe
R = meddlan tube vadiws

Designing the struts as imperfect columngincreased the area of the fiberglass
struts by approximately 19% and the titanium strut by 25%. The eccentricity
1s not as detrimental to the fiberglass strut as the titanium strut because

the optimum diameter is larger and the eccentricity therefore causes less

outer fiber stress,

An illustration of the effect of strut material and eccentricity on heat flow
1s slhiown in Figure 5. The figure shows that the fiberglass strat has approxi-
mately 70% less heat flow than a titanium strut. Titanium alloy was used for
this comparison since it has the lowest thermal conductivity of the more common
metals., The effect of eccentricity adds only slight heat flow to the fiber-
glass part whereas a significant addition occurs with titanium. The single
¢wrve shown in the figure represents an optimization on fiberglass strut heat
flow, the lowest point occurring at about 2.4 inches in diameter. If a parti-
cular design application requires a smeller diameter strut, the curve stows
the accompanying heat flow penalties. The entire optimization curve was not
rroduced for the titanium parts or the fiberglass part with zero eccentricity,

but the points shown represent the lowest (optimum) heat flow attainable,

Beams

The description of the digital computer program that was written to determine
the optimum beam geometrv for the aluminum and fiberglass beams weacs described

in monthly prosress report number 3.

The initial beam concept resulting from a preliminary trade study of various
methods of construction (reported in quarterly progress repori number 1) 1is

shown in Figure ¢. Initial computer runs with this concept indicated

e
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_improved efficiency if element #5 was eliminated entirely. For example, in
the case of low load beams there were sufficient unidirectional fibers in
element #5 and element #2 was not needed. Rowever, when element #2 was
removed it became necessary to increase the thickness of elements #A and &
for lateral stability requirements. Conversely, if element 45 were eliminated
load could be carried with element #2 and lateral stability of the section

was improved. The higher loaded beams with greater depth required increased
thickness of the web core TC2 to prevent web instability, which automatically

increased the width of element #. Hlement #5 then frequently became

critical in shear along the facing of elements #T for this increased thickness.

This is because there is a definite maximum thickness of unidirectional
filaments permitted in order to Le able to work the filaments to thelir
ultimate axial strength level and yet not exceed the adhesive shear allow-
able alonz the faces, Tt is interesting to note that changing the dimension
normal to the thickness direction has no beneficial effect on load *transfer

by adhesive shear for an optimum beam.

The final beam concept is shown in Figure 7. The entire beam digital computer
program was run with this concept for both {iberglass and T1TR-T6 aluminum
construction. The aluminum beam was run using exactly the same construction
as the fiberglass beam. The fiberglass honeycomb core HRP- /16 4.0 was
replaced by aluminum honeycomb core 5052-3/16 k. k. All other elements were
71T79-T6 aluminum sheet, An adhesive shear allowable of 1600 lbs/in2 was used
for the fiberglase heam, Since the aluminum beam could employ rivets in
addition tobonﬂng, the expression for adhesive shear in the program was

increased to 25001bs/1n2.
Fizures 8, 9, 10, and 11 show case summaries of the computer runs.

A tally of the mode of fallure which resulted in the minimum allowable beam

1T
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, load was recorded for each case. The tabulation shows that several of the

modes of failure were never critical for any of the combinations of variables
run. Future investigations could eliminate these failure modes and reduce
computer time., Referring to Figures 8, 9, 10, and 11, the failure modes

that could be eliminated are:

1. Max allowable strain

2. Adhesive shear - element #1 to #2

L, This mode of failure was deleted when beam element 5 was eliminated.
It was arbltrarily set = 26,000 1lbs. Therefore cases appearing in this
mode mean that &ll other modes of failure were greater than 26,000 1bs.
This gives an indication that the range of geometry variables were large
enough to cover the range of loading under investigation.

5. This mode of failure was deleted when beam element #5 was eliminated.

11. Flange face wrinkling.

12, Flange shear crimping due to compression loading.

The results of the computer program showing beam efficiency (beam load

divided by beam weish:) for the different spans and material are shown on
Figures 12 through 19. Beam depths have been recorded at each plotted point,
Maximum beam depths of 24" were run for all cases but were never efficient.

It is shown that optimum beam depth 1s difficult to determine because the
depth can be varied without much change in weighf, however, a trend can be
seen. A 10% weight increase line has been added to these curves to show the
lafge range of beam depths poscsivle with nominal weight penalty. This informa-
tion could be of value in designing beams where available space limits the

depth.

Figure 20 shows the final weight comparison as a result of the computer

program. It can be seen that the fiberglass construction offers some weight

2z%
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advantage over the aluminum construction for spans of 20, 40, and /0",
However, for the span of'BO”,the aluminum construction shows less welght than

the fiberglass,

The weight differences are not appreciatle. For instence, for a beam load

of 10,000 lbs:

SPAN WEIGHT DIFFZRENCE

20 Alum. = 5.75% heavier

Lo Alum. = 9,10% heavier

60 Alum. = 10.8% heavier

80 Fiberglass = 5.75% heavier

The inefficlency of the fiberglass in longer spans can be explained by the
longer unsupported length of the compression flange and the low elastic
modulus. Fiberglass flange lateral stability tecame critical in many of ‘he
cases as shown in Figure 10, wherees this mode of failure was not so predom-
irant for the aluminum beams. It appears that use of high modulus filaments,
such as graphite, would tend to make the nonmetallic beam more competitive

with aluminum in the higher load ranges.

A comparison of beam weights derived by prelimirary hand calculations (as
shown in Plgures 8 and 9 of the first gquarterly report) and the rigorous

computer analysis is shown in Figure 21.

T™e agreement is fair for the 20" span but is poor for the more hichly
loaded A0" span. The conclusions that were made from the preliminary desirn
trade studies, however, are belicved to be valid because (1) the same
simplified analysis was used for all concepts investisated, and {(2) tre
results from the computer analysis show the orizinal eveluation of the

honeycomb web construction %o be conservative.
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The results of the beam computer program are presently belng studied 1o
determine optimum reometries, A decision will then be made on Lhe len~th

of span to be fabricated and tested.
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